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Hermaphroditism is by far the most frequent sexual system in flowering plants, but dioecy (i.e., separate sexes) has evolved thousands of times and is found in about half of all plant families [1] . Why a clearly successful hermaphroditic strategy has been abandoned so often has puzzled evolutionary biologists ever since Darwin [2] . The question concerns not only the fitness of males and females relative to hermaphrodites, but also what evolutionary paths might be taken during such transitions to separate sexes, and ultimately what the underlying genes might be.
It is intuitive that at least two mutations must be involved in the evolution of separate sexes -one recessive loss-offunction male-sterility mutation rendering individuals female, and a dominant suppressor of female function effectively causing female sterility and thus maleness [3] . Modelling indicates that it should be much easier for male sterility (i.e., females) to invade and spread in a population than female sterility (males), particularly if the hermaphrodites are partially self-fertilizing [4, 5] . This is because self-fertilization robs males of mating opportunities, whereas females may still receive pollen from hermaphrodites and thus produce seeds. The fact that 'gynodioecious' species (where females co-exist with hermaphrodites) are much more common that 'androdioecious' ones (the coexistence of males and hermaphrodites) is thus consistent with theoretical expectations for gynodioecy as a likely first step in transitions towards dioecy. The second step, from gynodioecy to fully separate sexes, must then require the conversion of the remaining hermaphrodites into males through the spread of a female-sterility mutation [4] . To avoid the segregation of progeny expressing both male and female sterility, the two sterility mutations must ultimately be at loci that are closely linked on a single chromosome (i.e., sex chromosome; Figure 1 ) [4] .
The two-locus model for the evolution of dioecy makes intuitive sense and is well-motivated by theory, but it has received relatively little direct empirical support from studies of dioecious species (though see [6, 7] ). In the sole dioecious species for which the actual sequence variants that determine sex have been located, persimmon, only a single locus is responsible, not two -a finding that has prompted calls 'to move beyond' the twolocus model [8] . But in a study recently published in Nature Communications, Harkess et al. [9] provide functional evidence of effective male and female sterility genes on a Y chromosome of dioecious garden asparagus, Asparagus officinalis, a plant that has an XY sexchromosome system similar to that found in mammals. Their results are tantalizing, but they do not fully conform to the canonical expectations for the evolution of dioecy through gynodioecy described above.
Testing the two-locus model is technically very difficult, because it requires identifying genes within a potentially large chromosomal region (on a Y or Z chromosome, in species with XY or ZW sex determination, respectively) in which recombination has been suppressed. The lack of recombination not only makes genetic mapping on the basis of crosses impossible, but it also leads to sequence degeneration and the accumulation of repetitive elements such as transposons, so that physical mapping by genome assembly is also difficult. In addition, in species with young sex chromosomes, assembly of XY (or ZW) individuals tends to collapse moderately diverged sequences of X and Y chromosomes. Although it is now in principle technically possible to separate Y sex chromosomes by flow sorting [10] , and thus to generate Y-specific sequences, this option is time-and labour-intensive and only possible if the sex chromosomes can be distinguished cytologically -in which case one homolog is likely to be highly repetitive and difficult to assemble.
To overcome these difficulties, Harkess et al. [9] sequenced double-haploid individuals of dioecious Asparagus officinalis, which they generated from anther culture. Because the Y chromosome of asparagus is young and not yet very degenerate, YY males produced in this way are viable, in contrast to YY males of species with older, more degenerate Y chromosomes. On the basis of comparison of YY males and XX females, the authors identified Y-specific sequences without artefacts of ambiguous assemblies. Genome assembly that included both optical mapping and linkage mapping of further double haploid plants then revealed a retrotransposon-rich 1 Mb sex-linked region containing 13 genes on the 132 Mb Y chromosome. The homolog of one of these genes, aspTDF1, causes male sterility by affecting tapetum development in Arabidopsis thaliana anthers [11] , and it is thus a potential candidate for the recessive male-sterility locus in dioecious garden asparagus. This hypothesis is central to the authors claim to have found hard evidence for the two-locus model, but it remains to be tested.
Harkess et al. [9] used mutational gene knockouts to infer the presence of a dominant female-sterility mutation linked to aspTDF1, as supposed by the twolocus model. They screened over 40,000 XY gamma-irradiated XY male seeds (produced by crossing YY and XX individuals), and found three individuals that produced only female flowers. Genomic resequencing showed independent deletions of the hypothesised sex-determining region in all three mutants, a result consistent with its role in determining maleness through the suppression of female function. Resequencing two further male mutants that produced hermaphrodite flowers revealed interruption of a single gene in the sex-determining region of the Y through deletion and frameshift mutations, respectively; the authors have named the affected gene SOFF (for 'SUPPRESSOR OF FEMALE FUNCTION'). Knockout of SOFF appears sufficient to restore female function to males without affecting their anther production [9] .
We might interpret SOFF as the dominant female-sterility mutation of the two-locus model, as implied by Harkess et al. [9] . Loss of its function, as in the spontaneous mutant described in their study, effectively allows a transition from dioecy back to gynodioecy, reversing the second step of the path from gynodioecy to dioecy assumed by the canonical twolocus model [4] . A particularly revealing experiment would involve a cross between two such loss-of-SOFF mutants, or the self-fertilization of one (Figure 2 ). Although not performed or reported by the authors, such a cross would yield the segregation of female and hermaphrodite progeny and the founding of a gynodioecious population, as illustrated in Figure 2 .
While the implied functions of both the putative recessive male-sterility gene aspTDF1 and the genetically linked dominant suppressor of female function, SOFF, are consistent with the two-locus model [4] , the history of their origin, as further inferred by Harkess et al. [9] , is not. Specifically, the authors resequenced the genomes of the related hermaphroditic species Asparagus virgatus and a male and female of the more closely related Asparagus cochinchinensis that likely shares the same origin of dioecy in the clade. They identified a male-specific ortholog of SOFF in A. cochinchinensis, whereas multiple paralogous copies are present in hermaphroditic A. virgatus as well as on autosomes of both A. officinalis and A. cochinchinensis. SOFF as a functional suppressor of female function is thus associated with a gene duplication early in the diversification of the dioecious clade. Importantly, however, Harkess et al. [9] inferred a more recent origin of sex linkage of the putative male-function promoting gene aspTDF1, because it is present in both males and females of the dioecious species A. conchichinensis and A. stipularis. In other words, their functional interpretation of aspTDF1 implies that female sterility predated male sterility in the path from hermaphroditism to dioecy -in stark contrast to what is supposed by the canonical two-locus model of the gynodioecy path to dioecy [4] . If the relative timing of the sterility mutations inferred by Harkess et al. [9] is robust, then their study implies an androdioecy path to dioecy in asparagus rather than a path using gynodioecy. As explained above, modelling suggests that androdioecy is much less likely to evolve than gynodioecy, and indeed it is a very rare sexual system in flowering plants; it was unknown to Darwin [2] and remained unknown to science until 1990 [12] . Since then, several cases of androdioecy have been described and characterised in flowering plants, but almost all of these are very likely the result of reversion from dioecy rather than from hermaphroditism [13] . The exceptions in the olive family are associated with an unusual linkage between the female-sterility mutation and a self-incompatibility mutation, which greatly eases conditions for male invasion not envisaged in the canonical model [14] [15] [16] . It is tantalizing to think that the same scenario might apply to the evolution of androdioecy in asparagus, notably because an ortholog to SOFF is associated with a self-incompatibility locus in ryegrass [17] . But as far as we are aware self-incompatibility is not known for asparagus, so this seems unlikely. If female sterility really did predate male sterility in the evolution of dioecy in asparagus, as the Harkess et al. [9] study suggests, then it would be the first case known for androdioecy to have evolved through the simple spread of a femalesterility mutation. It is of course also possible that aspTDF1 is not in fact the male-sterility mutation, and experimental confirmation of its role should thus be a priority for further research on the system.
The characterisation of two putative sexdetermining loci in dioecious asparagus is exciting, but the inferred order of their origin means that evidence for the twolocus model of the evolution of dioecy through gynodioecy remains very limited. If dioecy did evolve through androdioecy, this would pose an interesting challenge to theory that all but rules it out as a possible sexual system derived from hermaphroditism [4] . Finally, further investigation of the other genes found in the sex-determining region of the asparagus Y chromosome would be worthwhile, as they are potential candidates for sexually antagonistic loci that enhance fitness only in male individuals; such genes are often invoked to explain suppressed recombination on Y chromosomes, which bars them from being found and expressed in females [18, 19] . Screening knockouts of these other Y-specific genes in garden asparagus for their effects on male fitness, and linkage analysis of their orthologs in other dioecious asparagus species, may thus contribute to answering further questions about early sex-chromosome evolution in plants. Of course, if aspTDF1 turns out not to be the male-sterility gene, one of the other sex-linked genes might be. 
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